Nearly two thirds of the approximately 700 species of living salamanders are lungless. These species respire entirely through the skin and buccopharyngeal mucosa. Lung loss dramatically impacts the configuration of the circulatory system but the effects of evolutionary lung loss on cardiac morphology have long been controversial. For example, there is presumably little need for an atrial septum in lungless salamanders due to the absence of pulmonary veins and the presence of a single source of mixed blood flowing into the heart, but whether lungless salamanders possess an atrial septum and whether the sinoatrial aperture is located in the left or right atrium are unresolved; authors have stated opposing claims since the late 1800s. Here, we use microcomputed tomography (l-CT) imaging, gross dissection and histological reconstruction to compare cardiac morphology among lungless plethodontid salamanders (Plethodontidae), salamanders with lungs, and the convergently lungless species Onychodactylus japonicus (Hynobiidae). Plethodontid salamanders have partial atrial septa and incomplete separation of the atrium into left and right halves. Partial septation is also seen in O. japonicus. Hence, lungless salamanders from two lineages convergently evolved similar morphology of the atrial septum. The partial septum in lungless salamanders can make it appear that the sinoatrial aperture is in the left atrium, but this interpretation is incorrect. Outgroup comparisons demonstrate that the aperture is located in a posterodorsal extension of the right atrium into the left side of the heart. Independent evolutionary losses of the atrial septum may have a similar developmental basis. In mammals, the lungs induce formation of the atrial septum by secreting morphogens to neighboring mesenchyme. We hypothesize that the lungs induce atrial septum development in amphibians in a similar fashion to mammals, and that atrial septum reduction in lungless salamanders is a direct result of lunglessness.
Introduction
Integrated organ systems are hallmarks of bilaterian life. However, such integration may also constrain potentially adaptive evolutionary changes (Gould, 1980) . Saltatory changes to single organs, such as organ loss, may be maladaptive within interconnected organ systems because of the need for the system as a whole to function in order to maintain organismal fitness. These constraints can be circumvented by pleiotropy, whereby single genes govern development of multiple organs, or by evolved molecular interactions between organ systems that ensure matching morphologies develop in tandem. An example of the latter may be found in the cardiopulmonary system. In terrestrial vertebrates, the heart and lungs function as an integrated system. Complete cardiac septation, including the development of ventricular and atrial septa, has evolved convergently twice, each time providing separation of oxygenated and deoxygenated blood and efficient gas exchange (Koshiba-Takeuchi et al. 2009; Jensen et al. 2013) . Molecular signals secreted from the developing lungs mediate the development of the atrial septum. Indeed, the lungs may provide cues to the heart that enable the functional integration of both organs (Hoffmann et al. 2009 (Hoffmann et al. , 2014 . This interaction provides one paradigm for understanding how the lungs and heart are capable of correlated development, and thus correlated evolution.
Complete cardiac septation, resulting in a four-chambered heart, is found only within mammals and archosaurs. Amphibians typically have a three-chambered heart, with a septate atrium and an undivided ventricle (Noble, 1925 ). Yet, and despite the lack of ventricular septation, deoxygenated and oxygenated blood streams mostly remain separate as they pass through the heart (Noble, 1925; de Graaf, 1957; Johansen, 1962; Haberich, 1965) . Separation of pulmonary and systemic blood streams may be achieved due to the action of the spiral septum within the conus arteriosus (Noble, 1925) .
Atrial septum development is best understood in mammals, in part due to the high prevalence of human atrial septal defects (ASDs). Congenital ASDs are among the most common birth defects (Parker et al. 2010; Bjornard et al. 2013) . This has prompted several recent investigations into both the development of the atrial septum (AS) in mammals (Goddeeris et al. 2008; Hoffmann et al. 2009 Hoffmann et al. , 2014 Xie et al. 2012) and the genetic basis of certain AS malformations, such as those associated with Holt-Oram Syndrome (Basson et al. 1997) , which is caused by mutations in the T-box protein Tbx5 (Li et al. 1997) . The mammalian atrial septum develops from multiple tissues, including the primary atrial septum with a mesenchymal cap, the second heart field-derived dorsal mesenchymal protrusion (DMP), and the atrioventricular cushions (Jensen & Moorman, 2016; Wessels, 2016) . The DMP portion of the AS develops in close association with the pulmonary vein (Briggs et al. 2012 ) and deficiency of this tissue results in atrioventricular septal defects (Goddeeris et al. 2008; Hoffmann et al. 2009 Hoffmann et al. , 2014 .
Although atrial septum development is well characterized in mammals, much of the morphological and developmental diversity of atrial septa across tetrapods awaits description (Mohun et al. 2000; Jensen et al. 2013; de Bakker et al. 2015) . As in mammals, the amphibian atrial septum emerges from the dorsal wall of the atrium and grows posteroventrally towards the atrioventricular aperture (Mohun et al. 2000) . The atrial septum of adult salamanders is composed of two main components. The first component is a sheet of tissue, oriented approximately 45 oblique to the sagittal plane, that stretches from the dorsal border of the atrium near the sinoatrial aperture to the atrioventricular aperture. The sinoatrial valve is attached to its right dorsal portion. The second component is a sheet of tissue connected to the left side of the first component that stretches to the left wall of the atrium (Putnam & Parkerson, 1985) . Together, these two components functionally subdivide the atrium into left and right halves (Davies & Francis, 1941) . Fenestration of the first component is frequently described in salamanders, particularly those species with less reliance on pulmonary respiration (Noble, 1925 and references therein) . Although amphibians descended from ancestors with lungs, lungless species or clades have originated at least four times independently across all living orders (Wilder, 1896; Noble, 1925; Nussbaum & Wilkinson, 1995; Bickford et al. 2008) . Lung loss is a remarkable example of morphological convergence, or homoplasy, yet little attention has been paid to the corresponding morphology of the circulatory system in lungless species. Moreover, all previous work has focused on only a single lineage of lungless salamanders, the family Plethodontidae. Adult plethodontids are completely lungless salamanders that respire cutaneously and through the buccopharyngeal mucosa (Whitford & Hutchison, 1965) . Despite several studies of this one group, the degree of atrial septation in plethodontid salamanders has long been controversial. Gross dissection of plethodontid hearts has yielded a number of contradictory hypotheses regarding atrial septum morphology (Fig. 1) .
The morphology of the plethodontid AS, and even its presence or absence, has been contentious since the end of the 19th century. The atrial septum is thin and delicate, which may contribute to the difficulty in resolving contradictory hypotheses. In addition, each previous study used different fixation techniques and examined a different plethodontid species, sometimes without comparison with a lunged outgroup (Hopkins, 1896; Bruner, 1900; Noble, 1925; Putnam & Kelly, 1978) . No attempt has been made to study this structure using even standard histology, let alone more advanced visualization methods such as three-dimensional reconstruction from computed tomography (CT) or histological datasets. Approaches that incorporate novel morphological techniques and broad comparative datasets may help to reconcile the conflicting hypotheses on the plethodontid AS and yield greater understanding of the evolution of integrated organ systems in general.
Among the few non-plethodontid lungless amphibians is the hynobiid salamander genus Onychodactylus from mainland Asia and Japan (Yoshikawa et al. 2008; Yoshikawa & Matsui, 2014) . Heart morphology in Onychodactylus has not been examined, despite its relevance to the unresolved hypotheses regarding of the morphology of the heart of other lungless amphibians. Exploring the mechanisms and consequences of lung loss in Onychodactylus will enable a better understanding of the basis of convergent evolution among lungless clades.
Here we employ several techniques to examine AS morphology across six families of lungless and lunged salamander species (Table 1) . Histological sectioning and threedimensional reconstruction are combined with gross dissection and contrast-stained micro-CT (l-CT) to describe atrial septum morphology and variation in detail. Unlike lunged salamanders, which have a two-part AS, plethodontids possess a partial AS due to conservation of the first atrial septum component but not the second. The partial septum of plethodontids would be unable to maintain separation of blood from left and right atria. Atrial morphology of the convergently lungless salamander Onychodactylus japonicus is similar to that of plethodontids and evolved independently.
Material and methods

Animal collection and husbandry
Ambystoma mexicanum (axolotl) embryos were procured from the Ambystoma Genetic Stock Center, University of Kentucky, and maintained in 20% Holtfreter solution (12 mM NaCl, 0.12 mM KCl, 0.18 mM CaCl 2 , 0.04 mM NaHCO 3 ) at 17 C. Desmognathus fuscus embryos were field-collected and raised similarly to P. cinereus embryos until hatching, then maintained as larvae in 20% Holtfreter solution and fed Artemia spp. until fixation.
Ambystoma mexicanum were staged according to Bordzilovskaya et al. (1989) and Nye et al. (2003) . Hemidactylium scutatum animals were staged according to Hurney et al. (2015) . Plethodon cinereus embryos were staged according to Kerney (2011) .
Museum specimens and gross dissection
Specimens examined are listed in Table 1 . Dissections were carefully performed with a scalpel, fine scissors and #5 forceps in order to not tear the delicate atrial septum. Congealed blood was removed from the atria manually and by rinsing with 70% ethanol.
Micro-computed tomography
For X-ray l-CT, freshly sacrificed specimens were fixed in 10% NBF, washed with 19 phosphate-buffered saline and then dehydrated in 70% ethanol. Specimens (with the exception of Andrias japonicus and Hynobius nigrescens) were soaked in 2.5% phosphomolybdic acid (Sigma) in 70% ethanol for 1-2 weeks, washed briefly with 70% ethanol, and embedded in 0.8% agarose to stabilize the specimen and prevent desiccation (Metscher, 2011) . 360-degree l-CT scans at 0.1-degree increments were run at 80 kV, 70 lA, and 800 ms exposure time at pixel dimensions of 5.3-9.9 lm, on a SkyScan 1173 benchtop scanner (Bruker l-CT, Kontich, Belgium). Andrias japonicus and H. nigrescens were stained with 1% I 2 in 70% ethanol for 7 days, then scanned with 360-degree l-CT scans at 0.2-degree increments at 80 kV, 100 lA, and 1000 ms exposure time at pixel dimensions of 24 lm (A. japonicus) and 11 lm (H. nigrescens) on a SkyScan 1173 benchtop scanner. Reconstruction was performed with the native reconstruction software using ring-artifact reduction and post-alignment corrections where appropriate (NRecon, Bruker l-CT, Kontich, Belgium). Reconstructed TIFF files were visualized in AMIRA 6.0 (FEI, Hillsboro, OR, USA) and segmented using the segmentation editor. Separate label fields were utilized for the septal and endocast components so their opacity could be adjusted independently. CT data are available for download at: https://dataverse.harvard.edu/dataverse/ atrialseptation.
Histology and histological reconstruction
Specimens were fixed in Bouin solution for 24-48 h prior to washing, dehydrating and embedding in paraplast (McCormick Scientific, Wetzlar, Germany). Serial sections (7 or 8 lm) were stained using the Mallory trichrome method (Presnell et al. 1997 ) with the following modifications: a 10-min stain in Mayer hematoxylin followed by a 10-min wash in running reverse-osmosis (RO) H 2 O preceded 30 s in 1% acid fuchsin, several rinses with RO H 2 O, 5 min in 1% phosphomolybdic acid, then 3 min in a modified Mallory II (1% orange G, 1% aniline blue, and 2% oxalic acid) followed by dehydration and mounting. In salamanders, this staining procedure typically resolves collagen and connective tissue as bright blue, muscle and epithelia as purple and blood as bright red. Sections were imaged using a Leica DMRE microscope (Wetzlar, Germany) equipped with a QImaging Retiga 2000r camera and a QImaging RGB slider (Surrey, Canada) and VOLOCITY 6.0 software (PerkinElmer, Waltham, MA, USA). Monochrome images were imported into AMIRA and aligned using the Align Slices module. Endocasts of cardiac chambers were made using segmentation tools in AMIRA, as described above. Reconstruction was performed only on specimens with nearly complete or complete serial sections. In the event that a section was damaged or distorted, labels were interpolated from the flanking slides.
Results
Lunged salamanders develop a two-part atrial septum
In terms of gross morphology, the salamander heart is composed of a sinus venosus (SV), atrium, ventricle and outflow tract (OFT) ( Fig. 2A) . The SV is supplied by the left and right common cardinal veins and the posterior cardinal vein. It is situated dorsal to the atria, and the two chambers overlap at their anterior and posterior halves, respectively. The sinoatrial aperture (S-A) leads from the SV into the right atrium. The left and right atria are not distinguishable externally, but they are separated internally by the atrial septum, described below. Pulmonary venous blood from the lungs enters the heart through the left and right pulmonary veins, which fuse dorsal to the SV to become the common pulmonary vein and supply the left atrium. The ventricle is situated ventral to and to the right of the atria. Blood from the atria flows through the atrioventricular aperture (A-V) into the ventricle. The atrioventricular valve is composed of two wide semilunar leaflets oriented in the frontal plane, one dorsal and the other ventral (Fig. 2E) . The ventricle, while undivided, is traversed by a network of trabeculae. The OFT is separated from the ventricle by a set of three semilunar valves. The outflow tract is composed of the proximal conus arteriosus and distal truncus arteriosus, which are separated by a set of valves. The spiral septum lies within the conus arteriosus.
In all lunged salamanders we examined, the atrial septum comprises two perpendicularly oriented, interconnected endocardial-type tissues, AS1 and AS2 (Fig. 2) . These tissues appear to correspond to components 'IA' and 'IB,' respectively, described by Putnam & Kelly (1978) . AS1 is a thin sheet oriented approximately 45 from the sagittal plane.
From its caudal edge at the center of the A-V, it stretches approximately 45 leftward to the cranial wall of the atrium. AS1 is emarginated posterodorsally, forming an arch under which blood flows from the S-A into the right atrium (RA; Fig. 2E ,F). AS2 is oriented dorsoventrally; it attaches to the left side of AS1 and stretches to the left wall of the atrium (Fig. 2E) . Removal of the ventral atrial wall reveals AS2, and further excision of AS2 reveals the S-A posterodorsal to it (Supporting Information Fig. S3 ). The pulmonary vein (PV) lies on the SV dorsally and enters the left atrium (LA) at its anterodorsal surface, anteroventral to AS2 (Fig. 2B ). An orifice in AS2 near the A-V allows blood to pass from the LA to the ventricle. This orifice is small in adult Cynops ensicauda but much larger in juvenile A. mexicanum (Figs 2E and S3) . In histological sections of the atrial septum at juvenile stages, both AS1 and AS2 are endocardial-type tissues distinguished only by their orientation (Supporting Information Figs S1 and S2). The AS1 in A. mexicanum takes several weeks to fully form. Its rostral portion is completely developed at early post-embryonic stages, yet at post-embryonic stage 52 (2-3 weeks post-hatching) there remains a gap caudally, resulting in the confluence of the RA and LA (Fig. S1 ). The separation of left and right atria is nearly complete by stage 57 (subadult) (Fig. S2) , but there remains a small gap between AS1 and the caudal wall of the atrium (Fig. 2 , Supporting Information Figs S1 and S2, Videos S1 and S2). Adult A. mexicanum have a complete AS1 as determined by gross dissection (not shown); blood from the PV passes ventral to AS2. Prior to complete development of AS1, pulmonary venous blood from the PV could potentially mix with deoxygenated blood from the RA before passing through the A-V. However, when viewed anteriorly, the AS2 completely covers the S-A and thus would likely direct blood from the SV into the RA and maintain oxygenated blood from the PV in the LA (Fig. 2) . Adult A. mexicanum possess a well-developed AS1, thus facilitating separation of the two blood streams.
To evaluate the condition of the atrial septum in a closely related outgroup to plethodontid salamanders, we dissected a specimen of Amphiuma tridactylum (Amphiumidae). Molecular phylogenies consistently place the family Amphiumidae as the sister group to Plethodontidae (Pyron & Wiens, 2011) . Our dissection agrees with previously published findings (Johansen, 1963) . Amphiuma tridactylum has a large LA separated from the RA by a robust, imperforate atrial septum (data not shown). To determine the likely ancestral state of atrial septation in salamanders we generated and analyzed contrastenhanced l-CT data from two phylogenetically basal salamander species, Andrias japonicus (Cryptobranchidae; Fig. 2C,D) and Hynobius nigrescens (Hynobiidae; data not shown). Both species have a well-developed atrial septum complex that separates the left and right atria. The sinoatrial valve is clearly visible in A. japonicus as a flap at the posterodorsal base of AS1 (Fig. 2C,D) .
We found no indication of fenestration or perforation of the atrial septum in A. mexicanum. While we observed no gross signs of atrial septum fenestration in C. ensicauda or A. tridactylum, our reliance on gross dissection alone in these species makes us unable to rule out fenestration. A spiral valve is present in the conus arteriosus of A. mexicanum.
Lungless plethodontid salamanders lack AS2
Several species of plethodontid salamanders were dissected, sectioned histologically, or subjected to contrast-stained l-CT imaging (Table 1 ). The atrial chamber of plethodontids broadly resembles that of salamanders with lungs: AS1 is present and oriented at a 45-degree angle to the sagittal plane, it lacks perforations, and its dorsal border is emarginate (Figs 3 and 4) . Thus, AS1 in these lungless salamanders is morphologically similar to AS1 in lunged salamanders in that it occupies the same position in the heart and is not fenestrated.
Plethodontids, however, lack AS2, resulting in incomplete atrial septation (Fig. 3B ,C,E; Supporting Information Video S3). Since AS2 essentially forms the dorsal wall of the LA in lunged salamanders, its absence results in complete confluence of left and right atria. Plethodontids also lack pulmonary veins; all inflow to the heart is through the left and right common cardinal veins (ducts of Cuvier) and the posterior cardinal vein, which empty into the SV. Blood enters the atrium solely through the S-A from which it would presumably flow to either side of AS1 before passing through the A-V during atrial systole. Consistent with published studies (Noble, 1925) , we did not observe a spiral valve in plethodontids (Fig. 4) .
Previous authors disagree on the position of the S-A in plethodontids (Fig. 1) . Our gross dissection reveals that the S-A is to the left of AS1 when the atrium is viewed ventrally (Fig. 3C) . However, the LA in lunged salamanders is bordered by the AS1 medially and the AS2 dorsally (Figs 2 and 
7). Absence of AS2 thus can give the impression that the S-A lies within the left atrium, but a comparative approach demonstrates that this impression is incorrect (Figs 4, 5 and 7).
The dorsal base of AS1 in adult P. cinereus is composed of endocardial and myocardial tissue (Supporting Information  Fig. S4 ). The portion of AS1 that traverses the atrial chamber from its dorsal attachment to the A-V is myocardial in adults. However, AS1 is a wholly endocardial-type tissue in embryos, similar to juvenile A. mexicanum. In adult P. cinereus, the portion of the endocardial base flanking the S-A protrudes into the right atrium as a flap and likely functions as a sinoatrial valve ( Figs 3D and S4B,C) .
Either of two ontogenetic scenarios could account for the cardiac morphology of adult plethodontids. First, the atrial septum may develop fully and subsequently regress. Alternatively, the atrial septum may never develop fully. Our data support the latter scenario. By reconstructing hearts from plethodontids at stages ranging from hatchling to late larva to adult, we find no sign of AS2 at any point in development in any species (Fig. 3) .
Lungless Onychodactylus japonicus also lacks AS2
The heart from a single larval specimen of Onychodactylus japonicus (Hynobiidae) (6.5 cm total length, 3.5 cm snoutvent length) was examined by using contrast l-CT (Fig. 6) . AS1 is clearly visible as a region within the atria devoid of blood (Fig. 6) . In contrast to plethodontids, where a dorsal emargination of AS1 would cause blood to first flow dorsally and then posteriorly towards the A-V, AS1 is emarginated posteroventrally in O. japonicus . Blood likely flows from the S-A posteroventrally around the free margin of AS1 and then through the A-V. There is no AS2, and the left atrium is extremely small.
Discussion
By examining cardiac morphology in a diverse sample of plethodontid salamanders, lunged salamanders, and the convergently lungless species Onychodactylus japonicus, we demonstrate that two lineages of lungless salamanders independently evolved similar atrial morphology, including the loss of a significant component of the atrial septum (AS). Our work is the first description of the atrial morphology of O. japonicus. Previous studies of plethodontid heart morphology left several questions unresolved. In particular, the position of the sinoatrial aperture (S-A) and the presence or absence of the atrial septum have been debated for over 100 years (Fig. 1) . Recent advances in computerassisted, 3-dimensional reconstruction from histological or tomographic datasets facilitates study of the complex hearts of salamanders.
Given the presence of AS1 and AS2 in cryptobranchid, amphiumid, ambystomatid and salamandrid salamanders (present study; Davies & Francis, 1941; Johansen, 1963; Putnam & Parkerson, 1985) , combined with published data on septation in frogs and caecilians (Noble, 1925; de Bakker et al. 2015) , we infer the basal condition for salamanders to be fully septate. Hence, the morphology of lungless salamanders represents an evolutionary loss of a prominent portion of the atrial septum, AS2 (Fig. 7C) .
Why lose the septum?
Although some species of plethodontids retain the pulmonary arch, adult lungless amphibians lack pulmonary veins (McMullen, 1938) . Consequently, all blood flowing into the heart originates from the left and right common cardinal veins (ducts of Cuvier) and the posterior cardinal vein via the sinus venosus (Barrows, 1900; Seelye, 1906; McMullen, 1938) . Since this blood is from a single mixed source, lungless amphibians do not require separation of blood in the heart. In fact, the presence of an AS might be disadvantageous in this situation, which could lead to extreme pressure differentials between atrial chambers.
In humans, anomalies of pulmonary venous return are developmental defects which entail anastomosis of the pulmonary veins to the right inflow tract. These misconnections may cause extreme pressure differentials between RA and LA (Taussig, 1960; El-Said et al. 1972) ; patients may die due to the high load on the right side of the heart. Survival is possible if a patient possesses compensatory defects in the AS that relieve the pressure differential or if the patient undergoes surgical intervention (El-Said et al. 1972) . The physiological disadvantage of left-right pressure differential resulting from the lack of pulmonary veins might have selected for atrial septum reduction during the evolution of lunglessness in salamanders. If so, then lungless salamanders have evolved a condition similar to a human atrial septal defect in response to the unique configuration of their cardiac inflow. Salamanders may offer a beneficial model for the study of atrial septal defects or anomalous pulmonary venous return.
Our hypothesis that fully developed atrial septation is maladaptive when pulmonary return is reduced or absent due to the resulting blood pressure differential between atrial chambers contrasts with the the generally accepted hypothesis regarding the reduction of atrial septation in lungless or lung-reduced salamanders. Johansen and Hanson (1968) proposed that atrial septum reduction is due to relaxed selective pressure to retain atrial septation because cutaneous respiration results in systemic blood high in oxygen. Our alternative hypothesis is based on the strong correlation between lung loss/reduction and atrial septum reduction as well as the demonstrated deficits associated with anomalous pulmonary venous return in humans.
Atrial septum reduction is unlikely to be a passive consequence of the loss of pulmonary return. The AS develops normally over 90% of the time in tadpoles in which pulmonary return was ablated by lung extirpation just prior to the development of the AS (Simons, 1957) . The abnormal AS morphologies observed at low frequency can be attributed to mechanical damage during surgery (Simons, 1957) .
Atrial septum controversy
Atrial morphology in plethodontids has been contentious, with no agreement regarding even basic features such as the presence or absence of a septum, the position of the S-A and the degree of septal fenestration (Noble, 1925; Putnam & Kelly, 1978;  Fig. 1 ). In the first published work on plethodontid hearts, Hopkins (1896) declared that plethodontids have a partial atrial septum and that the S-A has shifted to the LA from the RA, where it is located in all other amphibians. Subsequent authors disagree regarding the position of the S-A and the degree of septation (Bruner, 1900; Noble, 1925; Putnam & Kelly, 1978;  Fig. 1 ). The lack of agreement could be due to the different species that the authors examined or the different analytic techniques employed. Alternatively, it may be due to the failure of all studies but one (Putnam and Kelly, 1978) to directly compare plethodontids to lunged outgroups. Putnam & Kelly (1978) described the atrial septum of lunged salamanders as a complex of two components, IA and IB, which appear equivalent to our components AS1 and AS2, respectively.
Hopkins (1896) asserted that the S-A lies within the left atrium, but he failed to recognize the two-part nature of the atrial septum, which is apparent when one compares plethodontids to lunged outgroups (Figs 1 and 7) . The S-A is left of AS1, but in lunged salamanders the RA extends dorsal to the LA and the loss of AS2 makes it appear that the S-A is in the LA. Putnam and Kelly (1978) were largely correct in their interpretation of atrial morphology and the position of the S-A, but they failed to recognize the artifactual nature of Hopkins' account, which led them to incorrectly depict the position of the S-A relative to AS1 in their figures. Bruner (1900) did observe tissue within the atrium, but he interpreted this tissue as the sinoatrial valve. Cords (1923) supported Bruner's view. Our data suggest that the sinoatrial valve in both plethodontids and lunged salamanders is formed by a distinct flap of tissue at the dorsal base of AS1 (Figs S4 and 2C, D) , and this interpretation is supported in the literature (Putnam & Kelly, 1978; Putnam & Parkerson, 1985) . It is unlikely, as Bruner (1900) and Cords (1923) assert, that the entirety of AS1 functions as a sinoatrial valve, although AS1 may play a functional role as a point of attachment for the sinoatrial valve. It is also possible that AS1 plays a developmental role in the formation of other cardiac structures such as the sinoatrial and atrioventricular valves. Alternatively, AS1 may play no physiological role and is retained as a vestige due to low selective pressure for its loss. Elasmobranchs, which lack lungs and atrial septa, possess paired sinoatrial valves flanking the S-A but not a unilateral flap valve (Hamlett et al. 1996; Ramos et al. 1996) . The elasmobranch condition may support the hypothesis that a structure traversing the atrium, such as AS1, is not necessary for the sinoatrial valve to function.
Several early authors declared that salamanders have a highly fenestrated atrial septum (reviewed in Noble, 1925) . However, Noble (1925) did not observe this condition in salamanders with mostly pulmonary respiration. He suggested instead that fenestration is a feature of species that predominately use non-pulmonary respiration, such as Rhyacotriton olympicus and Cryptobranchus alleganiensis (Noble, 1925; Putnam & Parkerson, 1985) . Interestingly, R. olympicus, which possesses vestigial lungs, retains a fully developed but fenestrated AS. A number of caecilians with reduced reliance on pulmonary respiration also show partial reduction or fenestration of the atrial septum (Wilkinson & Nussbaum, 1997; de Bakker et al. 2015) . We did not observe AS fenestration in lunged or lungless specimens. AS reduction and AS fenestration likely function similarly by accounting for reduced or absent pulmonary return with appropriate shunting of blood between atria (Lawson, 1966) .
Convergent reduction of the atrial septum
Our data support at least two independent evolutionary losses of AS2 in salamanders, one in the lungless family Plethodontidae and a second in the completely lungless genus Onychodactylus (Hynobiidae). Salamandrina perspicillata, a salamandrid species with reduced lungs, also may have lost AS2, as illustrated in one published drawing: Cords (1923) depicts a septum covering the S-A when viewed anteriorly. This septum is likely the AS1, which has been reflected posteriorly. If our interpretation is correct, then the AS2 has been lost independently at least three times in salamanders, further underscoring the functional importance of septum reduction during the evolution of lunglessness and/or the existence of a shared developmental mechanism that links lung loss/reduction and septal reduction. Cords (1923) closes her manuscript by noting the crucial importance of further research on the atrial septum in salamanders. She asks whether the AS develops fully and subsequently regresses in lungless or lung-reduced salamanders, or if instead it fails to develop fully. Our data, drawn from multiple ontogenetic stages of plethodontid salamanders, supports the latter proposition.
Atrial septum development
The AS complex is slow to develop in A. mexicanum, a lunged species. At hatching, AS2 is present but AS1 is small. During larval stages, AS1 grows to fully partition the atrium (Figs S1 and S2). In lungless plethodontids, AS1 is present at hatching but shows no sign of further development during larval or juvenile stages. In the frog Xenopus laevis, the atrial septum is one of the last heart structures to develop (Mohun et al. 2000) . The atrial septum originates from the dorsal wall of the atrium; the AS then extends towards the atrioventricular opening, eventually separating the two atria (Simons, 1957; Mohun et al. 2000; de Bakker et al. 2015) . Our results on AS growth are consistent with these findings (Figs S1 and S2), but we did not examine the earliest stages of A. mexicanum to determine the precise origin of the AS.
The mammalian atrial septum is a composite of tissues from multiple embryonic origins (Briggs et al. 2012) . The septum begins to develop from the dorsal portion of the common atrium with the formation of the myocardiumderived septum primum, which is covered in an endocardium-derived mesenchymal cap. The septum primum elongates into the common atrium alongside the DMP, which is a mesenchymal tissue derived from extracardiac second-heart-field mesoderm that enters the heart through the dorsal mesocardium. The atrial septum forms from the coalescence of the DMP/septum primum extension and the atrioventricular cushions (Briggs et al. 2012; Wessels, 2016) . The pulmonary vein, which forms from a midline diverticulum from the heart into the dorsal mesocardium, is displaced into the left atrium by the evagination of the DMP into the common atrium (Briggs et al. 2012) .
Recent developmental-genetic studies highlight the importance of signaling interactions and genetic pleiotropy between the lungs and heart during organogenesis. From the characterization of human birth defects, there is increasing awareness that many critical heart development genes play pleiotropic roles in the development of other organs (reviewed in Li et al. 1997) . For instance, Holt-Oram syndrome, which is due to a mutation in the T-box transcription factor Tbx5, is characterized by atrial septal defects, upper limb malformation and occasional right lung agenesis (Basson et al. 1997; Li et al. 1997; Tseng et al. 2007) . Tbx5 is known to regulate Fgf10 expression in the developing limb (Agarwal et al. 2003) and is important for lung branching (Cebra-Thomas et al. 2003) . Congenital ASDs also include cor triloculare biventriculare, or complete absence of the atrial septum (Sangam et al. 2011) , which, based on associated malformations that include polydactyly and cleft palate, is likely due to a defect in the Shh pathway (personal observation, Zachary R. Lewis (ZRL)). Ellis-Van Creveld syndrome, which is caused by a mutation in a positive mediator of Shh signaling, results in ASDs (Baujat & Le Merrer, 2007) . Mouse mutants for the important pulmonary gene Wnt2 also lack atrial septa (Tian et al. 2010) . Finally, crucial mediators of both lung and AS development include members of the Bmp pathway such as Alk3, Bmp4 and Osr1 (Jiao et al. 2003; Briggs et al. 2013; Zhou et al. 2015) . Osr1 mutations result in ASDs and lung phenotypes (Wang et al. 2005; Xie et al. 2012) , and knockdown of Osr1 and Osr2 results in lung loss (Rankin et al. 2012) . All these Bmp signaling-associated genes play essential roles in both heart and lung morphogenesis. Interestingly, several defects associated with mutations of these genes have orthologous phenotypes to those displayed in lungless salamander hearts (viz. left atrium hypoplasia, atrial septal defects and lack of pulmonary circulation). In a rare instance of human lung loss, an ASD is also present (Devi & More, 1966) .
Research on heart septation in mice implicates pulmonary and pharyngeal endoderm in producing morphogens that are directly responsible for development of the atrial septum and the outflow tract, respectively (Goddeeris et al. 2007 (Goddeeris et al. , 2008 Hoffmann et al. 2009 Hoffmann et al. , 2014 . Shh secreted from the tracheal pulmonary endoderm to the second-heart-field mesoderm potentiates a population of cells that migrate into the heart and form the DMP. Subsequent work pinpoints activation of Foxf genes by Gli1 and Tbx5 as critical for pulmonary-induced septal morphogenesis (Hoffmann et al. 2014) . The above results imply a direct molecular link between lung and heart morphogenesis during the evolution of cardio-pulmonary respiration.
Provided that the mechanism of atrial septum development is conserved between amphibians and mammals, there may be a direct causal link between lung loss and atrial septum reduction. It is possible that the absence of lungs is associated with decreased Shh signaling to the second-heart-field mesoderm during lungless salamander embryonic development. This, in turn, may result in hypoplasia of the DMP and atrial septum reduction. In particular, it is possible that AS2 in lunged salamanders is derived from the DMP, whereas AS1 is derived from the septum primum. If true, then lungless salamanders may be missing AS2 due to the failure of cells from the second heart field to migrate into the heart. It may be possible to test these predictions by examining the embryological origins of AS1 and AS2 in lunged and lungless salamanders, which we hypothesize to be myocardial and extracardiac, respectively. As the partial atrial septum of adult P. cinereus is composed of both myocardial and endocardial tissue (Fig. S4) , it is difficult to determine the embryonic origin of each tissue type retroactively because the septum primum is composed of both myocardial and endocardial tissue, while the DMP is composed of endocardial-like mesenchymal tissue that later undergoes mesenchymal to myocardial differentiation. 
Conclusion
Convergent evolution is a fascinating yet vexing phenomenon in systematic and morphological research. There are several developmental mechanisms by which convergent morphologies might arise (Manceau et al. 2010; Stern, 2013) . These include independent mutations of a single gene, mutations of multiple genes within a pathway, selection on standing genetic variation, and introgression of loci (Stern, 2013) . Certain convergent traits may also emerge as pleiotropic effects of selection on molecularly or developmentally linked phenotypes. The heart and lungs function as an integrated system; functional mismatch between them would have disastrous consequences for organismal physiology. We propose that the molecular crosstalk between the developing lungs and heart may underlie convergent reduction of the atrial septum across species of lungless salamanders. Our study supports a process by which pleiotropic interactions between developing heart and lung pattern the co-evolution of the functionally constrained cardiopulmonary system. Blood from the pulmonary vein passes ventral to AS2 before flowing through A-V (red arrow). Lungless salamanders lack pulmonary veins and AS2, so blood from SV could presumably flow freely between atrial chambers. (B) Schematic sections of plethodontid atria. When viewed from the anterior, the S-A appears displaced to the left side of AS1, a condition that some previous authors took to indicate that S-A had shifted to the left atrium. When AS1 is interpreted as just a component of the bipartite atrial septal complex, it is clear that the RA (shaded region in frontal section) extends posterodorsal to the left atrium. The lack of AS2 accounts for the assignment of this region to the LA. Comparison to lunged outgroups (e.g. Fig. 2F ) is necessary for making this assessment. (C) Convergent evolutionary reduction of atrial septa occurs in different lineages of lungless salamanders. A cladogram shows the evolutionary relationships among extant salamanders (Pyron & Wiens, 2011) , along with their atrial morphology in schematic transverse view. Lungless groups are indicated in red. The species examined in the present study are indicated with their Latin name, except in the case of the species in Plethodontidae, which are listed in Table 1 . Ambystoma mexicanum, Amphiuma tridactylum, Andrias japonicus, Cynops ensicauda, Hynobius nigrescens, Onychodactylus japonicus. Families are listed in roman type. AS1, atrial septum component 1; A-V, atrioventricular aperture; LA, left atrium; OFT, outflow tract; RA, right atrium; S-A, sinoatrial aperture; SV, sinus venosus; V, ventricle. Fig. S1 . Histological sections through the heart of the lunged salamander Ambystoma mexicanum at stage 52. Fig. S2 . Histological sections through the heart of the lunged salamander Ambystoma mexicanum at stage 57. Fig. S3 . The atrial septum of the swordtail newt, Cynops ensicauda Fig. S4 . Reconstruction of the atrial septum in adult Plethodon cinereus based on histological sections. Table S1 . Collection localities for plethodontid salamanders. All localities are in Massachusetts, USA. Video S1. 3-D histological reconstruction of the heart of the lunged salamander Ambystoma mexicanum at stage 52. Video S2. 3-D histological reconstruction of the heart of the lunged salamander Ambystoma mexicanum at stage 57. Video S3. 3-D volume rendering of the heart of an adult lungless salamander (Plethodon cinereus).
